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a11b1 integrin constitutes a recent addition to the integrin family. Here, we present the first in vivo analysis of a11 protein
and mRNA distribution during human embryonic development. a11 protein and mRNA were present in various
mesenchymal cells around the cartilage anlage in the developing skeleton in a pattern similar to that described for the
transcription factor scleraxis. a11 was also expressed by mesenchymal cells in intervertebral discs and in keratocytes in
ornea, two sites with highly organized collagen networks. Neither a11 mRNA nor a11 protein could be detected in
yogenic cells in human embryos. The described expression pattern is compatible with a11b1 functioning as a receptor for
interstitial collagens in vivo. To test this hypothesis in vitro, full-length human a11 cDNA was stably transfected into the
mouse satellite cell line C2C12, lacking endogenous collagen receptors. a11b1 mediated cell adhesion to collagens I and IV
with a preference for collagen I) and formed focal contacts on collagens. In addition, a11b1 mediated contraction of fibrillar
ollagen gels in a manner similar to a2b1, and supported migration on collagen I in response to chemotactic stimuli. Our
ata support a role for a11b1 as a receptor for interstitial collagens on mesenchymally derived cells and suggest a
multifunctional role of a11b1 in the recognition and organization of interstitial collagen matrices during
development. © 2001 Academic Press
Key Words: a11b1 integrin; immunohistochemistry; in situ hybridization; human embryogenesis; collagen binding;
collagen gel contraction; cell migration.s
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cINTRODUCTION
Cellular interactions with the extracellular matrix (ECM)
are important for fundamental biological processes such as
cell proliferation, cell differentiation, cell migration, apo-
ptosis, morphogenesis, and organogenesis. Integrins are one
family of proteins mediating cell–ECM interactions, and
many members have proven essential for embryonic devel-
opment (Brakebusch et al., 1997; Hynes, 1996; Sheppard,
2000). Integrins are heterodimeric transmembrane recep-
tors consisting of noncovalently assembled a and b sub-
nits (Hynes, 1992). To date, 8 different b and 18 different a
1 To whom correspondence should be addressed. Fax: 146-18-
s471-4862. E-mail: donald.gullberg@icm.uu.se.
116subunits, which can assemble into 24 different het-
erodimers, are known (Velling et al., 1999).
Collagens are major constituents of various types of
pecialized ECM. Until recently, only two members of the
ntegrin family, a1b1 and a2b1, were known to act as
collagen receptors. More recently, a10b1 (Camper et al.,
998) and a11b1 (Velling et al., 1999) have been added to
his subfamily of collagen-binding integrins. The a3b1
ntegrin, initially described as a collagen receptor (Wayner
nd Carter, 1987), has later been shown to serve as an
mportant laminin-5 receptor (Carter et al., 1991). Genetic
ata, however, have indicated that a3b1 can affect the
activity of the collagen receptor a2b1 through receptor
ross-talk (Hodivala-Dilke et al., 1998).
The distribution of the a1b1 and a2b1 in vivo has beentudied in detail. During embryonic development, a1b1 and
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117a11b1 Integrin Is an Interstitial Collagen Receptora2b1 are widely expressed (Duband et al., 1992; Gardner et
l., 1996; Wu and Santoro, 1994). Postnatally, the a1 chain
s strongly expressed on microcapillary endothelium and
ericytes as well as in smooth muscle cells (Voigt et al.,
995). The a2 chain is present on platelets, haematopoetic
cells, and a variety of epithelia (Gardner et al., 1996; Keely
et al., 1995; Wu and Santoro, 1994). Both a1 and a2 are
present on fibroblasts (Voigt et al., 1995; Wu and Santoro,
994).
The ligand specificities of a1b1 and a2b1 differ for
ollagens I, IV, and XIII (Dickeson and Santoro, 1998;
apyla et al., 2000; Kern et al., 1994; Nykvist et al., 2000;
Tuckwell et al., 1996). Whereas the binding of the intersti-
tial collagen I by a1b1 and a2b1 involves helical GFOGER
and related sequences (Knight et al., 1998, 2000; Xu et al.,
2000), the a1b1 binding of the basement membrane colla-
gen IV involves specific R and D residues present on
different collagen a-chains (Eble et al., 1993; Golbik et al.,
2000). The residues in collagen XIII recognized by a1b1
Nykvist et al., 2000) have not been identified. Neither the
xact collagen specificity of a10b1 and a11b1 nor the
egions within collagens recognized by a10b1 and a11b1
re known.
An important in vivo function of cell–collagen interac-
ions is to reorganize the collagen matrix within developing
endons, ligaments, periosteum, capsules of organs, and in
ealing wounds (Harris et al., 1981; Stopak and Harris,
982). The ability of cells to contract three-dimensional
ollagen matrices in vitro reflects their potential to modu-
ate a collagen-rich matrix. a2b1 serves as a major b1
integrin receptor involved in contraction of collagen gels
(Klein et al., 1991), whereas the ability of a1b1 to contract
ollagen gels seems to depend on the cell type (Carver et al.,
995; Gotwals et al., 1996; Jenkins et al., 1999; Kagami et
l., 1999; Racine-Samson et al., 1997). For some cell types,
n avb3-dependent contraction of collagen gels has been
bserved (Agrez et al., 1991; Cooke et al., 2000; Jones et al.,
997; Nunohiro et al., 1999). Induction of collagenases
eading to denaturation of collagen or deposition of RGD-
ontaining ligands has been suggested to underlie the avb3-
ependency of this contraction.
The biological significance of cell–collagen interactions
uring development and in adult tissues is still far from
lear. Mice deficient in a1 integrin chain are viable, but
display a proliferation defect and a disturbed regulation of
collagen synthesis in skin fibroblasts (Gardner et al., 1996,
1999; Pozzi et al., 1998). Tumor angiogenesis is also defec-
tive in mice lacking a1 integrin chain (Pozzi et al., 2000).
Data from inactivation of a2, a10, and a11 integrin genes in
mice are not yet available.
a11b1 was first identified as a major integrin in cultured
keletal muscle cells (Gullberg et al., 1995b; Velling et al.,
999). During myogenic differentiation in vitro, the a11
chain is up-regulated at both the protein and the mRNA
levels. Analysis of mRNA from a panel of adult human
tissues reveals expression of a11 in a wide variety of tissues
with the highest level of expression in uterus, followed by
Copyright © 2001 by Academic Press. All righteart and skeletal muscle (Velling et al., 1999). However,
either the cellular origin of the a11 mRNA in these tissues
or the expression pattern of a11 during development is
nown.
In the current study, we have determined a11 protein and
mRNA expression in human embryos and have performed
in vitro studies of cell adhesion, cell migration, and colla-
gen gel contraction. The distribution pattern shows that
a11 during embryonic development displays a restricted
expression on mesenchymal nonmuscle cells in areas of
highly organized interstitial collagen networks. The re-
stricted distribution suggests that a11 is under strict tran-
scriptional control and might be one of the sought-after cell
adhesion genes acting downstream of scleraxis, involved in
prefiguring the axial and appendicular skeleton. The in
vitro data show that a11b1 can take part in collagen-
mediated events such as cell migration, collagen deposi-
tion, and collagen reorganization, suggesting that a11b1 in
ivo could fulfill these important functions and play an
mportant collagen organizing role during cartilage, inter-
ertebral disc, and cornea organogenesis.
EXPERIMENTAL PROCEDURES
Cells
Normal diploid human fibroblasts (AG1518; Genetic Mutant
Cell Repository, Camden, NJ) were obtained from Dr. Kristofer
Rubin (Uppsala University). Skin fibroblasts and keratocytes were
obtained from Natalie Isnard (Laboratoire de Recherche en
Opthamologie, Paris). Human satellite cells (XXVI) isolated from a
2.5-year-old child were provided by Dr. Helen Blau (Stanford
University). Other human cell lines tested for a11 expression
ncluded Caco-2 (colon adenocarcinoma, ATCC No. HTB-37), JAR
human choriocarcinoma cells, ATCC No. HTB-144), RD (rhabdo-
yosarcoma, ATCC No. CCL-136), HT-29 cells (human colon
denocarcinoma, ATCC No. HTB-38), and HT1080 (kindly pro-
ided by S. Johansson). Murine C2C12 myoblast cells from the
merican Type Culture Collection were provided by A. Starzinski-
owitz. Cells were cultured at 37°C in Dulbecco’s modified Eagle’s
edium, supplemented with 10% fetal bovine serum (FBS) and
ntibiotics (Statens veterina¨rmedicinska anstalt, Uppsala). The
ells were grown to subconfluency and passaged every 2–3 days.
Antibodies
The rabbit antibodies to the cytoplasmic tail of a11 integrin have
been described previously (Velling et al., 1999). To immunoprecipi-
tate b1 integrins, a polyclonal antibody to rat integrin b1 chain was
used (Gullberg et al., 1989). Monoclonal antibodies (MoAb) to
integrin a1 chain (FB12, MAB 1973) and integrin a2 chain (BHA2.1,
MAB 1998) were obtained from Chemicon International Inc. As a
marker for forming cartilage, two collagen II MoAbs were used:
mouse MoAb CIIC1 (Klareskog et al., 1986) and rat MoAb 126.7 (P.
Wernhoff, unpublished observations), both obtained from Dr.
Patrik Wernhoff (Lund University).
s of reproduction in any form reserved.
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118 Tiger et al.Embryos
Morphologically normal human embryos (aged from 4 to 8
postovulatory weeks) were obtained from abortions induced by
Mifepristone (RU486) at Hopital Broussais in Paris. All procedures
were approved by the Ethical Committee of Saint-Vincent de Paul
Hospital in Paris. Each sample was first examined macroscopically
during dissection under a stereo-microscope; the developmental
stage of the embryos was determined by using established criteria.
Embryos were collected shortly after delivery and frozen within the
first 24-h postmortem on dry ice and stored at 280°C until used.
Seven-micron-thick cryostat sections were mounted on slides
previously coated with a 2% 3-aminopropyl-triethoxysilane solu-
tion in acetone. For in situ hybridization, sections were postfixed
for 20 min in 2% paraformaldehyde in 0.1 M phosphate buffer (pH
7.4) at room temperature, rinsed (once for 2 min) in phosphate
buffer, rinsed briefly in water, and dehydrated with a series of
washes in ethanol solutions (50, 75, 100%). Sections were then
air-dried and finally stored at 280°C.
In Situ Hybridization
Precipitated antisense riboprobe derived from 39 end of integrin
a11 cDNA sequence (nt 2130–3893; Velling et al., 1999) was
labeled with [a-33P]UTP (Dupont-Nemours) using T7 RNA poly-
merase (Promega). Control sense riboprobe was synthesized on the
opposite strand with the T3 RNA polymerase. In situ hybridization
edium contained 50% formamide, 0.3 M NaCl, 13 Denhardt’s
olution, 0.5 mg/ml tRNA, 10% dextran sulfate, 20 mM Tris (pH
.4), 5 mM EDTA (pH 8.0), and [a-33P]UTP-labeled riboprobe (5 3
104 cpm/ml). After denaturation, 100 ml of hybridization solution
as deposited on each slide, covered with a coverslip, and incu-
ated in a humidified chamber at 55°C overnight. After hybridiza-
ion, the sections were washed, once for 30 min at 42°C in 53 SSC,
nce for 20 min at 60°C in 23 SSC containing 50% formamide,
nce for 40 min at 37°C in 13 washing solution containing 20
g/ml RNAse A, once for 15 min at 37°C in 13 washing solution,
nce for 15 min at 37°C in 23 SSC, and finally once for 15 min at
7°C in 0.13 SSC. Sections were then dehydrated with a series of
raded concentrations of ethanol and exposed to Kodak
iomax-MR films for 7 days or dipped in Kodak NTB-2 nuclear
rack emulsion and exposed up to 1 month prior to development.
Indirect Immunofluorescence
Cells cultured on coverslips were washed in serum-free medium
and fixed for 2 min in methanol at 220°C. Nonspecific binding
sites were blocked by incubating with 10% goat serum (Statens
veterina¨rmedicinska anstalt, Uppsala) diluted in phosphate buff-
ered saline (PBS). Primary antibodies were incubated with fixed
cells for 1.5 h at 37°C. Bound antibodies were detected using
Cy3-conjugated goat anti-rabbit IgG (Jackson ImmunoResearch).
Cryosections were left unfixed prior to blocking of nonspecific
binding sites with goat serum. For double immunofluorescence,
sections were incubated with both primary antibodies simulta-
neously. Bound antibodies were detected by using a mixture of
Cy3-conjugated goat anti-rabbit IgG and FITC-conjugated goat
anti-rat IgG (Jackson, multiple labelling grade).
Stained cells and tissue sections were mounted in Vectashield
mounting medium (Vector Laboratories Inc.), visualized, and pho-
tographed under a Zeiss Axiophot microscope equipped with optics
for observing fluorescence.
Copyright © 2001 by Academic Press. All rightImmunoprecipitation and Electrophoresis
Cell cultures were washed three times in DMEM medium
devoid of cysteine and methionine and metabolically labeled
overnight in the presence of 25 mCi/ml of 35S methionine/cysteine
(pro-Mix [35S] cell labeling mix; Amersham Pharmacia Biotech).
Proteins were extracted from the tissue culture dishes by the
addition of 1 ml of solubilization buffer (1% Triton X-100, 0.15 M
NaCl, 20 mM Tris–HCl, pH 7.4, 1 mM MgCl2, 1 mM CaCl2)
ontaining protease inhibitors (1 mM Pefabloc SC; Roche Diagnos-
ics), 1% aprotinin, 1 mg/ml pepstatin, 1 mg/ml leupeptin). Solubi-
lized proteins were centrifuged for 10 min at 15,000g. The centri-
fuged supernatant was precleared by incubating with preimmune
IgG 100 mg/ml and protein A-Sepharose CL 4B (Pharmacia Biotech
AB) for 2 h. Following centrifugation, immune IgG was incubated
with the extract for 2 h. Specifically bound proteins were recovered
with protein A–Sepharose. The precipitate was washed three times
with buffer A (1% Triton X-100, 0.5 M NaCl, 20 mM Tris–HCl, pH
7.4, 1 mM MgCl2, 1 mM CaCl2), three times with buffer B (0.1%
Triton X-100, 0.15 M NaCl, 20 mM Tris–HCl, pH 7.4, 1 mM
MgCl2, 1 mM CaCl2) prior to solubilization in electrophoresis
ample buffer. Proteins were separated on 6% SDS–polyacrylamide
els and processed for fluorography.
Generation of a11 Full-Length cDNA
A full-length a11 cDNA was generated by joining clones 1.1 (nt
37–917) and 2.1 (nt 361-3747) (Velling et al., 1999) via an overlap-
ping ApoI site. Briefly, clone 1.1 was excised with ApoI and placed
in a pUC19 vector modified to lack the EcoRI/ApoI site. A fragment
encompassing nt 740-3747 was excised from clone 2.1 and ligated
into the ApoI site of clone 1.1 creating a full-length cDNA (nt
37–3747) followed by an untranslated repeat of nt 740–917. The
full-length cDNA (including the repeat nucleotides) was inserted
into the pBJ-1 expression vector (Takebe et al., 1988) and used for
transfection.
Transfection
C2C12 cells, cultured in a 25-cm2 culture flask to 80% conflu-
ncy, were transfected with 5 mg a2-pBJ-1(Kamata et al., 1994) and
a11-pBJ-1 constructs using Superfect (Qiagen) according to the
protocol of the manufacturer. The a2-pBJ-1 (Kamata et al., 1994)
and a11-pBJ-1 DNA constructs were co-transfected with the PGK
uro vector (Skerjanc et al., 1994) at a ratio of 10:1 and clones were
elected in 10 mg/ml of puromycin. Individual clones were isolated
either by limiting dilution in microtiter plates (C2C12-a111), or by
colony picking from petri dishes. Selected clones were further
assayed for a2 and a11 expression with immunoprecipitation and
mmunohistchemistry using specific antibodies for a2 and a11.
Cell attachment assay
Twenty-four-well cell culture plates (Nunc) were coated with
ligands (500 ml to a 2-cm2 well) diluted in PBS over night at 4°C,
ollowed by blocking with 2% BSA in PBS for 1 h at 37°C and then
ashed in PUCK’s saline (137 mM NaCl, 5 mM KCl, 4 mM
a2CO3, 5.5 mM D-glucose, equilibrated with 5% CO2 at 37°C).
Ligands used were: collagen type I (Vitrogen), collagen type IV
(Sigma), and human plasma fibronectin (provided by S. Johansson,
Uppsala University). Wells were filled with PUCK’s saline and
MgCl2 1 CaCl2 was added to obtain a final concentration (after
s of reproduction in any form reserved.
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119a11b1 Integrin Is an Interstitial Collagen Receptoraddition of cells) of 2 mM MgCl2 and 0.01 mM CaCl2. For
ation-dependency assays, only one type of cation was added at
arious concentrations. Cells were trypsinized and washed four
imes in PUCK’s saline, and seeded into the wells at a concentra-
ion of 250,000 cells/well, and were allowed to attach for 45 min at
7°C and 5% CO2. Wells were washed three times in PUCK’s
aline and plates were rapidly frozen at 220°C for later assay by
sing the hexoseaminidase test as follows: Attached cells were
ysed in 200 ml S-solution (3.75 mM p-nitrophenol-N-acetyl-b-D-
glucoseamide, 0.1 M sodium acetate, pH 5, and 0.25% Triton
X-100) was added. The plates were incubated at 37°C for a mini-
mum of 2 h. Fifty microliters of the cell lysates were transferred to
a mictrotiter plate (Nunc) and mixed with 75 ml developing buffer
4.5 mM EDTA and 45 mM glycine, pH 10.4). The absorbance at
05 nm was read and used as a measure of cell number. For each
ell line used, a cell number standard was made. Each experiment
as performed in triplicates. In order to minimize errors from
nequal trypsinization stress between cell lines and handling of
lates, etc., data were normalized as follows: For each plate, the
dhesion to fibronectin (10 mg/ml) was used as 100% reference and
the background found on BSA-only-coated wells were used as a 0%
reference. In all tests, the magnitude of absolute measurements
between fibronectin and BSA was always greater than 100:1.
Cell Migration
Cell migration was assayed by using Transwell plates (Costar
No. 3422) with a polycarbonate membrane (8-mm pores) separating
he upper and lower chambers. Membranes were coated with
ollagen type I (100 mg/ml) in PBS overnight at 14°C. Thirty
housand cells in MCDB 104 (100 ml) were added to the upper
chamber and MCDB 104 (Statens veterina¨rmedicinska anstalt,
Uppsala) (600 ml) to the lower. Where indicated, 10 ng/ml PDGF-BB
r 10% FCS was added to the lower or both chambers to evaluate
hemotactic as well as chemokinetic responses. The cells were
llowed to migrate for 4 h at 37°C in 5% CO2. After washing, the
ells were fixed in methanol for 10 min at room temperature and
hen stained with Mayer’s Hematoxyline. Cells on the upper
urface of the membrane were removed and the membranes were
ut out and mounted on glass slides. Cells that had migrated were
uantified by counting the transmigrated cells in seven measuring
elds of the membrane.
Collagen Gel Contraction
The collagen gel contraction assay has been described previously
(Gullberg et al., 1990). In summary, 96-well dishes (Nunc,
Roskilde, Denmark) were coated with sterile BSA (2% in PBS)
overnight at 4°C and then washed in sterile PBS. A collagen
solution was made up from five parts double concentrated MCDB
104, one part 0.2 M Hepes, pH 8.0, and four parts collagen type I
(Vitrogen 100, 3 mg/ml). Trypsinized cells were washed in MCDB
104 containing 0.02% FBS and diluted to 1,000,000 cells/ml. Cells
were mixed with the collagen solution to a final concentration of
100,000 cells/ml and 1.1 mg collagen/ml. To each well, 100 ml
ell/collagen suspension was added and gels were allowed to form
or 1 h at 37°C. MCDB 104 (100 ml), with or without modulating
factors, was ejected into the wells to detach the gels. The gels were
further incubated at 37°C. Gel diameters were measured under the
microscope at indicated time points.
Copyright © 2001 by Academic Press. All rightRESULTS
a11 Protein and mRNA Expression Patterns in
Human Embryos
Six-week human embryo. In situ hybridization of sec-
tions of 6 weeks of gestation (wg) human embryo showed a
distinct signal (Fig. 1). In the section shown in Fig. 1, the
a11 in situ signal appeared around cartilage anlagen includ-
ing forming ribs and the distal parts of the limbs (Fig. 1). At
FIG. 1. a11 integrin mRNA distribution at 6 weeks of gestation.
omposite of in situ hybridization for a11 integrin mRNA on a
sagital section of a human embryo from 6 weeks of gestation. a11
integrin mRNA is strongly expressed around cartilage in ribs and in
the hindlimb. Arrows point to signal around ribs and forming
cartilage in limbs. Asterisk marks nonspecific signal in the eye,
also present in control slide hybridized with sense probe.6 weeks, primary myogenesis is ongoing and immature
s of reproduction in any form reserved.
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120 Tiger et al.primary myotubes are present, but no a11 transcripts were
ound in muscle tissues.
Eight-week human embryo. In the sections from 8 wg
mbryos (Fig. 2), a11 mRNA was transcribed at high levels
n areas around forming ribs (Figs. 2A and 2B), around
orming vertebrae, and in the intervertebral discs (Figs. 2A
nd 2C). As in the 6-week embryo section, no a11 transcrip-
tion could be detected in myogenic cells.
Fig. 3 shows a composite of a section from an 8-week-old
embryo immunostained for a11 integrin. The strongest
sites of a11 expression were found in cells surrounding
forming ribs, vertebrae, and in intervertebral discs. A sepa-
rate embryo section showed a strong signal for a11 in
keratocytes of the cornea (Fig. 4A). Closer examination
showed that around ribs a11-positive cells appeared as
aligned, stretched, fibroblast-like cells in close proximity to
forming cartilage (Fig. 4B). To determine a11 expression in
relation to cartilage, sections were double stained with
antibodies to collagen II. Cells in areas around collagen
II-positive cartilage in the forelimb expressed a11 (Fig. 4C).
In the intervertebral discs, a11-positive cells were not in
contact with the cartilage-produced collagen II (Fig. 4D). A
mutually exclusive pattern of a11 integrin chain and colla-
en II expression at sites of cartilage formation was thus
bserved and a11 integrin chain was mainly found in
FIG. 2. Distribution of a11 mRNA transcripts at 8 weeks of ges
human embryo at 8 weeks of gestation. Low-resolution autoradiogr
shown in (B) and (C). a11 mRNA is transcribed at high levels arou
00 mm. The arrow depicts the rostro-caudal orientation of the emmesenchymal cells outside the forming cartilage. b
Copyright © 2001 by Academic Press. All rightPresence of a11b1 Integrin on Mesenchymal Cells
n Vitro
An a11 integrin cytoplasmic tail-specific antibody (Vel-
ing et al., 1999) was used to assay a number of human
rimary cells and cell lines for a11 expression. 1518 human
foreskin fibroblasts (Fig. 5A) and to a lesser degree kerato-
cytes and HT1080 fibrosarcoma cells (data not shown)
expressed the a11b1 integrin, giving further evidence for an
xpression of a11 largely restricted to mesodermally de-
rived cells. In the human satellite cells XXVI, a11b1 is the
ominating collagen-binding integrin (Velling et al., 1999),
hereas, in the 1518 fibroblasts, a2b1 integrin was ex-
ressed at the highest level (Fig. 5A). Interestingly, 16 h
reatment with TGF-b1 (2 ng/ml) did not cause induction of
a11 protein in 1518 fibroblasts or HT1080 fibrosarcoma
cells (data not shown). Human foreskin fibroblasts localized
a11 to focal contacts on collagen throughout the cell,
similar to a2 integrin chain, whereas a1 integrin was more
restricted and confined to cell edges (Fig. 5B). In long-term
cultures, prominent a11 localization to matrix contacts on
the dorsal surface of cells was seen (Fig. 5B).
Generation of Cell Lines Expressing a2b1 or a11b1
Integrin Collagen Receptors
a11b1-mediated cell–collagen interactions were studied
n. In situ hybridization of a11 mRNA on sagital sections from a
ighlights areas around forming cartilage (A). Boxed areas in (A) are
bs (B), and in intervertebral discs (C). Bars in (B) and (C) represent
.tatio
am hy using the well-characterized C2C12 mouse satellite cell
s of reproduction in any form reserved.
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121a11b1 Integrin Is an Interstitial Collagen Receptorline. C2C12 cells did not adhere to, or migrate on, collagen
I (see Figs. 7 and 9 below). Immunoprecipitation with a
polyclonal antibody to b1 integrin chain and SDS–PAGE
nalysis of immunoprecipitates from C2C12 cells did not
dentify either the a1 or a11 chains nor any other a-chain
howing an upward shift in SDS–PAGE upon reduction (a
eature of I domain a chains) (Fig. 6, lane 1, and data not
shown). In agreement with the cell attachment data, we
thus failed to detect endogenous collagen binding integrins
in C2C12 cells. Full-length human a2 and a11 integrin
onstruct were stably transfected into C2C12 cells and high
FIG. 3. a11 integrin protein distribution at 8 weeks of gestation.
Composite of immunohistochemical staining of sagital section of
human embryo at 8 wg. Note high levels of a11 protein around
vertebrae (arrows), in intervertebral disc (asterisks), around ribs
(thin arrows), and around forming cartilage in the distal limb
(arrowhead).xpressing clones were selected. Immunoprecipitation anal- t
Copyright © 2001 by Academic Press. All rightsis of metabolically labeled a2 (C2C12-a21) and a11
C2C12-a111) expressing cell lines are shown in Fig. 6,
anes 3–11. The incorporation of 35S Met and 35S Cys is
predicted to be similar since a2 integrin contains 18 cys-
teines and 22 methionines and a11 contains 20 cysteines
and 18 methionines. Expression levels of a2 and a11 on the
respective clones were estimated by immunoprecipitation
with a b1 antibody and analysis of unreduced and reduced
amples by SDS–polyacrylamide gel electrophoresis.
lightly less a11 chain in comparison with a2 chain copre-
ipitated with the b1 chain (Fig. 6, lanes 8 and 10).
Comparison of Cell Adhesion in Cell Lines
Expressing a11b1 Integrin
In all further studies, cells expressing a11b1 as sole
ollagen receptor (C2C12-a111) were compared with cell
lines expressing a2b1 as the only collagen receptor (C2C12-
a21). Efficient cell adhesion to collagen I-coated plates was
reached at a ligand concentration of 1 mg/ml for both
C2C12-a21 and C2C12-a111 cells (Figs. 7A and 7B). Both
C2C12-a21 and C2C12-a111 cells adhered considerably
better to collagen I, compared with collagen IV, especially
when coated at concentrations below 1 mg/ml (Figs. 7A and
7B). Untransfected C2C12 cells failed to bind to either
collagen (Fig. 7B). Test of ion-dependence showed maxi-
mum cell adhesion to collagen I of C2C12-a21 and C2C12-
a111 cells in the presence of 1 mM Mg21, whereas Ca21
failed to support adhesion (Figs. 7C and 7D).
Analysis of C2C12-a11 cells on collagen I and collagen IV
evealed prominent positive protrusions and focal contacts
n freshly adhered cells, which were not seen in cells
ultured on fibronectin (data not shown).
Ability of a11b1 to Mediate Collagen Gel
Contraction and Cell Migration
To determine whether a11b1 is involved in cell migra-
ion and is able to mediate reorganization of collagen
atrices, C2C12, C2C12-a21, and C2C12-a111 cells were
tested in chemotaxis and collagen gel contraction assays.
We have previously determined that fetal bovine serum and
PDGF can induce b1 integrin-mediated collagen gel con-
traction (Gullberg et al., 1990). In this first analysis of the
ability of a11b1 to mediate cell migration and collagen gel
contraction, we chose to limit our analysis to these re-
agents.
C2C12-a11b1 cells mediated collagen gel contraction
lmost as efficiently as C2C12-a21 cells (Figs. 8B and 8C).
nterestingly, the parental cell line C2C12 lacking all col-
agen receptors also contracted the collagen gels (Fig. 8A),
lthough this contraction was delayed and weaker in com-
arison with C2C12-a21 and C2C12-a111 cells. Both
PDGF-BB and serum stimulated a2b1- and a11b1-mediated
ollagen contraction, with PDGF-BB consistently being a
lightly more potent stimulator of a11b1-mediated contrac-
ion in comparison with 10% fetal bovine serum (Fig. 8C).
s of reproduction in any form reserved.
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122 Tiger et al.In a chemotaxis assay, a11b1 mediated a migratory
esponse to PDGF-BB and serum in a collagen-coated filter.
n the random migration assays, the C2C12-a111 cells
displayed a stronger chemotactic response to PDGF com-
pared to 10% FBS. The C2C12-a21 cells, on the other hand,
esponded more strongly to serum than to PDGF (Fig. 9).
DISCUSSION
a11 Expression in Mesenchymal Nonmuscle Cells
in Vivo and in Vitro
The sites of the strongest a11 expression in human
mbryonic tissues are areas adjacent to forming cartilage.
a11 protein is prominently expressed in cells around ribs,
vertebrae, and in intervertebral discs. Hyaline cartilage is
surrounded by perichondrium, composed of an inner layer
of cells with chondrogenic potential which take part in
appositional growth. Outer perichondrium is composed of
FIG. 4. a11 protein cellular distribution in the eye and in cartilagi
a11 in selected areas from a sagital human embryo section at 8 week
confined to keratocytes in the cornea. a11-positive signal in fi
mmunofluorescence of the forelimb of a human embryo at 8 wg, a1
to collagen II (green) outline the cartilage itself (C). In double im
strongly expressed in the outer annulus fibrosus which lacks col
vertebrae (D). Bars represent 400 mm.cells in a transition zone adjacent to surrounding mesen- a
Copyright © 2001 by Academic Press. All righthymal cells. Morphologically, it is difficult to distinguish
erichondrium from surrounding connective tissue. The
nterstitial collagens I/III are expressed in surrounding mes-
nchyme and perichondrium (Aszodi et al., 1998; Cheah et
al., 1991; Hamada et al., 1995). Based on the nonoverlapping
taining pattern of collagen II and a11, it appears that a11b1
is expressed in the region just outside the cartilage in
perichondrium and/or the mesenchymal cells outside the
perichondrium. This localization is compatible with a role
of a11b1 in cartilage repair (Long and Linsenmayer, 1998).
The basic helix–loop–helix transcription factor scleraxis
s expressed in forming mesoderm and later prefigures the
orming skeleton (Cserjesi et al., 1995). Inactivation of the
cleraxis gene has revealed a dual role in mesoderm forma-
ion and chondrogenesis in axial cartilage and ribs (Brown et
l., 1999). It has been suggested that some of the down-
tream target genes for scleraxis are cell adhesion receptors
Brown et al., 1999). The expression data suggest that a11 is
xpressed in a manner compatible with regulation by scler-
tissues at 8 weeks of gestation. Immunohistochemistry of integrin
gestation. Composite of pictures of cornea (A); note strong staining
lastic cells (arrow) around ribs (denoted with r) (B). In double
d) is detected in areas around forming cartilage, whereas antibodies
ohistochemistry of a sagital section of the vertebrae, a11 (red) is
II. Collagen II expression (green) is high in the cartilage of thenous
s of
brob
1 (re
mun
lagenxis. The presence of numerous E-boxes containing core
s of reproduction in any form reserved.
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123a11b1 Integrin Is an Interstitial Collagen ReceptorFIG. 5. Expression of a11 integrin in cultured cells. (A) Cultures of differentiated human satellite cells XXVI and subconfluent 1518
uman fibroblasts were metabolically labeled, proteins were immunoprecipitated with antibodies, separated on a 6% SDS–PAGE gel under
onreducing conditions, and visualized by fluorography. The antibodies used were directed to integrin subunits b1 (lanes 1, 5), a1 (lanes
2, 6), a11 (lanes 3, 7), and a2 (lanes 4, 8) subunits. Positions of different integrin chains are marked. (B) 1518 fibroblasts were seeded on
ollagen-coated coverslips and allowed to adhere for 1 h (a–c) or allowed to grow in the presence of 10% fetal bovine serum for several days
d), fixed with methanol, and stained with antibodies to integrin a1 (a), a2 (b), and a11(c, d) chains. Note the localization of a11 chain to
focal contacts (c). When allowed to grow in culture for several days, a11 assumed matrix contact-like distribution on the dorsal surface (d).ar represents 20 mm.
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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124 Tiger et al.consensus sequences for scleraxis binding in the a11 pro-
oter, support this notion (C. Bergman and D. Gullberg,
npublished observations).
The intervertebral disc is a composite structure com-
osed of an outer annulus fibrosus of sclerotomal origin,
llowing twisting of the spine, and an inner nucleus pul-
osa, derived from notochord, that resists compressive
orces (Humzah and Soames, 1988; Rufai et al., 1995).
ecent studies of mice devoid of collagen II have clarified
he mechanism whereby intervertebral discs form (Aszodi
t al., 1998). The growing cartilage of vertebrae causes the
otochord to bulge into primordial intervertebral discs. In
he absence of cartilage, no bulging of the notochord occurs
nd no intervertebral discs form. The annulus fibrosus is
omposed of an outer part containing annulus fibroblasts
nd lamellae of ordered collagen I/III bundles anchored to
artilage endplates of vertebral bodies. The inner part is
brocartilaginous, contains collagen II, and is derived from
artilage. After birth, the outer annulus differentiates into
brocartilage (Hayes et al., 1999). In this study, the inter-
ertebral disc a11 staining appears in what looks like outer
nnulus fibrosus, since the staining does not coincide with
hat of collagen II. Annulus fibroblasts are in contact with a
atrix containing collagens I and III as well as fibronectin
nd have previously been shown to express a5b1 integrin
Hayes et al., 1999). a11b1 appears to be a major collagen
inding integrin on annulus fibroblasts in the immature
mbryonic intervertebral disc. It will be interesting to
etermine whether a11b1 is needed for the integrity of the
dult intervertebral disc and whether a11b1 is important in
FIG. 6. Integrin levels in stably transfected cell lines. Untrans-
fected (C2C12), a2-transfected (C2C12-a21), and a11-transfected
(C2C12-a111) cells were metabolically labeled, immunoprecipi-
ated with antibodies to integrin b1 chain (b1) or a11 chain (a11),
and analyzed by SDS–PAGE followed by autoradiography. Untrans-
fected cells lack characteristic 180-kDa integrin a1 chain and a11
chain (lanes 1, 2). a2-transfeccted cells analyzed under nonreducing
(lanes 3, 4) and reducing (lanes 8, 9) conditions. a11-transfected
cells analyzed under nonreducing (lanes 5, 6) and reducing (lanes
10, 11) conditions. Note that nonspecific band at 240 kDa in lane 8
is also present in precipitate formed using preimmune serum.repair situations following disc injury. t
Copyright © 2001 by Academic Press. All righta11 chain is also highly expressed in keratocytes of the
embryonic cornea. In cornea, like in the intervertebral disc,
collagens are organized into very precise bundles in a
multilayer arrangement (Meek and Fullwood, 2001). In
immunoprecipitation assays, adult human corneal fibro-
blasts as well as skin fibroblasts and fibrosarcoma cells
expressed the a11 subunit, indicating an expression re-
stricted to mesenchymal cells also in vitro.
In summary, a11b1 is highly pressed in mesenchymal
ells in vitro, and in vivo on fibroblasts at sites where
ollagens are arranged in a highly ordered manner. It is still
nknown how the organization of collagens in cornea and
ntervertebral disc occurs, but it has been suggested that the
rganization of collagen matrices during development is
riven by cellular interactions (Harris et al., 1981; Stopak
nd Harris, 1982). In the intervertebral disc, arranged sheets
f annulus fibroblasts precede the ordered collagen bundles
Hayes et al., 1999). In corneal fibroblasts, cytoskeletal
stress fibers are needed for matrix reorganization in vitro
(Mar et al., 2001). We suggest that a11b1 is involved in the
rdered collagen matrix organization in both these tissues.
Lack of a11 Expression in Embryonic Myogenic
ells in Vivo
We originally identified a11 in myotube cultures from
human fetal muscle cells and satellite cells (Gullberg et al.,
1995b; Velling et al., 1999). During in vitro myogenic
differentiation, a11 mRNA and a11 protein are upregulated
in these myogenic cells (Velling et al., 1999) in a manner
similar to a7 during in vitro myogenesis of rodent cells
(Song et al., 1992). a11mRNA can furthermore be detected
n adult skeletal muscle by Northern blotting. Collectively,
hese data led us to suggest that a11 is involved in human
myogenesis. However, the lack, or low expression, of a11
RNA and protein in developing human embryonic
uscle in vivo, described in this study, does not support a
ole for a11 during early myogenesis. The integrin a
chain(s) present in embryonic and fetal human muscle,
which thus lacks a7 (Cohn et al., 1999) and a11 integrin
hains, remain to be identified. Possible candidates include
av (Hirsch et al., 1994) and/or a5 (Gullberg et al., 1995a;
Roman and McDonald, 1992; Sastry et al., 1996; Taverna et
al., 1998) integrin chains.
We cannot completely exclude that part of the a11
expression in the embryonic perichondrial regions repre-
sent muscle attachment points. However, the remaining
skeletal muscle tissue, as well as cardiac tissue, lack a11
expression at the studied developmental stages. We have
previously observed also that the a1 integrin chain on
human fetal muscle cells is upregulated by the in vitro
culture conditions (Gullberg et al., 1995b). In the case of a1,
his upregulation might be related to the reported presence
f binding sites for serum response elements within the
ntegrin a1 promoter (Obata et al., 1997). Another possibil-
ity is that a11 expression in muscle could be spatially and
emporally regulated in a complex manner so that a11 is
s of reproduction in any form reserved.
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during development. Yet another alternative is that a11 in
uscle is largely involved in repair situations occurring
uring muscle regeneration. The induction during in vitro
ulture could reflect a sensitivity to growth factors present
n serum, mimicking factors present during muscle regen-
ration.
In Vitro Analysis of a11b1 Integrin Function
Ability to contract collagen matrices. When compar-
ing a2 and a11 expression levels in the transfected C2C12
ells by immunoprecipitation of metabolically labeled in-
egrins, a number of factors have to be taken into account,
ncluding heterodimer stability and b1 chain availability.
e have no data to indicate that a2 or a11 expression
depletes b1 chain from other integrin heterodimers, since
ell adhesion to fibronectin and different laminin variants
as unaffected in both a2- and a11-transfected cells (data
not shown). Although unlikely, it is formally possible that
FIG. 7. Collagen-specificity and cation-dependence of a11b1-med
(C2C12-a111) or a2 integrin cDNA (C2C12-a21) were assayed for a
cells are included as a control. Divalent cation dependence of adhes
(C) and C2C12-a21 (D) cells. Data are presented as relative bin
represents 100% and background binding to the BSA-blocking repr
bars denoting standard deviation.transfection of a11 could act indirectly by inducing another
Copyright © 2001 by Academic Press. All rightollagen-binding integrin, or alternatively, affect the activ-
ty of other collagen-binding integrins. In metabolically
abeled a11-transfected cells, we were, however, unable to
detect a1, a2, or a10 integrin chains. The availability of
function-blocking a11 integrin antibodies will finally re-
solve this matter. Comparison of the amount of a2 and a11
chains coprecipitating with b1 chain revealed somewhat
higher levels of a2 chain coprecipitating with b1 and direct
quantitative comparisons of a2b1 and a11b1 activities in
the different assays is thus not possible.
Interestingly, although the introduction of either the a2
integrin chain or a11 integrin chain into C2C12 cells
trongly enhanced collagen gel contraction, the untrans-
ected C2C12 cells were able to autocontract in the absence
f added factors and the absence of detectable integrin
eceptors for monomeric collagen I. In contrast, cell adhe-
ion and cell migration on collagen I was strictly dependent
n the presence of b1 integrin collagen receptors. It is likely
hat during the longer time period used for the collagen
ontraction assay, b1 integrin-independent mechanisms for
cell adhesion. C2C12 cells transfected with a11 integrin cDNA
ment to collagen type I and IV (A, B). (B) The untransfected C2C12
as assayed on collagen type I coated at 4 mg/ml using C2C12-a111
to fibronectin and BSA, where saturated binding to fibronectin
s 0%. Values are given as mean values of triplicate data with erroriated
ttach
ion w
ding
esentcollagen gel contraction are activated. The ability to con-
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126 Tiger et al.tract collagen gels in some situations can be accomplished
by induction of collagenases and exposure of RGD binding
sites to be used by avb3 (Jones et al., 1997). This mecha-
ism might be of importance in provisional wound matri-
es with high ECM turnover. In other locations, like the
ornea and intervertebral disc, it might be important to
FIG. 8. a11b1-mediated collagen gel contraction. Collagen gels
ontaining cells were formed in microtiter plates as described in
xperimental Procedures. Time-dependent contraction was mea-
ured under three conditions, without any stimuli (open symbols),
ith 25 ng/ml PDGF-bb (gray symbols), and with 10% FBS (black
ymbols). (A) C2C12 (squares); (B) C2C12-a21 (circles); (C) C2C12-
a111 (diamonds). Eight gels per cell line were measured if soluble
factors were added, otherwise 16. The results shown are from one
representative experiment. Each point represents the mean of the 8
or 16 samples and the error bars show standard deviation within
these.eep the collagen fibrils intact to ensure normal tissue
Copyright © 2001 by Academic Press. All rightunctions. In these situations, b1 integrin receptors inter-
cting directly with the collagen fibrils without inducing
ollagenases are likely to be important.
PDGF and FBS have been shown to induce collagen gel
ontraction by using a number of cell lines. It will be
nteresting to determine the molecular mechanism
hereby FBS and PDGF mediate these actions using a2- and
a11-transfected cells. Another potential candidate receptor
involved in the b1 integrin-independent collagen gel con-
raction is the discoidin domain receptor DDR1 (Vogel et
l., 1997). A characteristic feature of DDR1 is the slow
inetics by which collagens induce the tyrosine kinase
ctivity of these receptors. Developing mice express DDR1
inding activity in forming cartilage and mice devoid of
DR1 are smaller in size (Vogel et al., 2001). Interestingly,
ow levels of DDR1 expression in C2C12 have been noted
nd inhibition of DDR1 with a dominant negative DDR1
utation inhibited differentiation (Vogel et al., 2000). Con-
idering the slow kinetics of DDR1 kinase activity, it is
hus possible that DDR1 mediate the b1 integrin-
ndependent contraction of collagen gels in C2C12 cells.
Ligand specificity of a11b1. Recent studies have indi-
ated that a1b1 and a2b1 integrins both recognize the
FOGER motif in collagen type I (Knight et al., 2000)
hereas the binding of a1b1 to collagen IV occurs by a
ifferent mechanism (Eble et al., 1993). Comparison of
FIG. 9. a11b1-mediated cell migration. C2C12 cells, C2C12-a21
ells, and C2C12-a111 cells were allowed to migrate through a
collagen-coated membrane in the absence of stimulating facors
(open bars), toward a gradient of PDGF-BB (10 ng/ml in the lower
chamber, dotted bars), with PDGF-BB on both sides of the mem-
brane (10 ng/ml in both chambers, black bars), toward a gradient of
FBS (10% in the lower chamber, bricked bars), and with FBS on
both sides of the membrane (10% in both chambers, gray bars). The
results shown are from one represantative experiment performed
with duplicate samples. Each bar represents the mean of two
membranes with error bars showing total spreading between the
two.
s of reproduction in any form reserved.
I
a
a
s
w
s
T
r
I
m
l
s
l
i
a
m
c
s
f
D
D
G
127a11b1 Integrin Is an Interstitial Collagen Receptora1b1 and a2b1 integrin binding to collagen I and collagen
V has suggested that a1b1 binds collagen IV with higher
ffinity than collagen I whereas a2b1 displays a somewhat
higher affinity for collagen I then collagen IV (Dickeson et
al., 1999; Kapyla et al., 2000; Kern et al., 1994; Tuckwell et
l., 1995). In support of this, a1 integrin null fibroblasts
how a reduced adhesion to collagen IV compared with
ild-type fibroblasts, whereas the adhesion to collagen I is
imilar in both types of fibroblasts (Gardner et al., 1996).
his can be explained by the presence of other collagen I
eceptors, such as a11b1, on the a1 integrin null fibroblasts.
t will be important to determine the collagen recognition
otif of a11b1.
Cell migration. A functional link between the ECM
and the cytoskeleton is important for successful cell migra-
tion. Recent analysis of b1 integrin dynamics in stationary
ive cells using GFP-tagged integrins has shown that in
tationary cells the intracellular integrin–cytoskeleton
inkage in focal contacts is static whereas the extracellular
ntegrin–ECM contacts are dynamic (Smilenov et al., 1999;
Zamir et al., 2000). In migratory cells, on the other hand,
GFP-tagged integrins formed a firm attachment with the
ECM at the leading edge. During embryonic development,
mesenchymal cells encounter a matrix rich in interstitial
collagens and fibronectin. In addition to being able to
interact and remodel this matrix, it is essential that cells
can move through this matrix. Lack of fibronectin results in
prominent mesodermal defects (George et al., 1993). a11b1
ppears to be one of the receptors well suited for the task of
oving through a collagen-rich ECM. In both collagen gel
ontraction and cell migration, a11b1 was found to be more
ensitive to PDGF than FBS, whereas the opposite was true
or a2b1. This is the first indication that a2b1 and a11b1
use different signaling pathways.
Gene inactivation through homologous recombination in
transgenic mice should shed light on the possible functions
of a11 chain in cell adhesion, cell migration, and matrix
reorganization in mesenchymal cell lineages.
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